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ABSTRACT 
 
The family, Potyviridae, contains a third of all known plant viruses within eight 
genera. The genome is translated as one large polyprotein from which ten mature proteins are 
proteolytically cleaved. Recently, discovery of a protein translated from an overlapping 
reading frame (pipo) proved essential in systemic plant infection. It is hypothesized to 
translate via a ribosomal frameshift, change in reading frame during the elongation phase of 
translation. The cryptic programmed ribosomal frameshift signal had been undetected until 
now because it lacks the canonical characteristics: slippery sequence, spacer sequence, and 
RNA secondary structure, in that order. Only one of the three components, the slippery 
sequence, is present as a conserved eight base G1-2A6-7 motif at the 5’ end of pipo. Using 
Turnip mosaic virus, sequence surrounding the conserved putative frameshift signal was 
tested for efficiency of shifting in a dual luciferase cassette where the expression of the 
downstream firefly luciferase requires a -1/+2 change in frame. The conserved 
G_GAA_AAA_A sequence is inherently slippery with similar efficiency as other stretches of 
a single base, i.e. AAA_AAA_A. An added benefit is present when G2A6 is surrounded by 
viral sequence. This suggests a positively acting cis element like R secondary structure, but 
deletion analysis could not detect any specific elements. Also, addition of RNA secondary 
structure did not increase frameshift efficiency; rather it had minimal impact on the relative 
rate to the levels of G2A6 by itself.  Sequence analysis will assist in identifying the 
directionality of the frameshift. This is a new signal for programmed -1 ribosomal 
frameshifting, or it could be the first +2 frameshift signal to be reported 
 1 
CHAPTER 1. LITERATURE REVIEW 
Potyvirus 
Viruses are at the border of living and non-living organisms. They have the ability to 
infect all domains of life ranging from archaea to humans, adapting to the available host in an 
environment, but consisting only of genetic material in a protein shell. Using the host cellular 
machinery, viruses replicate the genetic material they contain to survive. Replication alone, 
though, does not imply life. This ambiguity is what makes viruses interesting to study. 
The Potyviridae family contains a third of all known plant viruses, impacting a wide 
range of ornamentals and crops (Gibbs et al., 2008; Ha et al., 2008; Nguyen et al., 2013; 
Urcuqui-Inchima et al., 2001). Viruses that are a part of Potyviridae have been recognized by 
the International Committee on Taxonomy of Viruses since 1971, but did not resemble the 
current classification until the 1990s (1993; Wildy, 1971). There are currently eight genera in 
Potyviridae. They are Brambyvirus, Bymovirus, Ipomovirus, Macluravirus, Poacevirus, 
Potyvirus, Rymovirus, and Tritimovirus. The vast majority of these viruses reside within the 
Potyvirus genus.  
Because of the abundance and diversity of members, monocots as well as dicots can 
be infected with a worldwide distribution. This causes a significant economic impact. In 
particular, Potato virus Y is still routinely assayed for in potato production (Quenouille et al., 
2013; Salazar, 2003). Plum pox virus is a severe threat, according to the USDA, because it 
infects many types of stone fruits.  Thus, it resided on the select agent list for several years 
(Barba et al., 2010; Fletcher et al., 2006).  Papaya ringspot virus has affected the whole 
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American papaya industry.  Now the majority of papayas grown in the United States are 
genetically modified to resist infection from this virus, one of the first commercially 
available transgenic products (Gonsalves, 1998). Many of the viruses flourish in subtropical 
and tropical regions. Various small insects, depending on the genus, and fungus for 
bymoviruses, distribute these pathogens by releasing virus during probing for a prime 
feeding site (Berger, 1992; Salm et al., 1996; Wallis et al., 2005). Some viruses also use seed 
transmission to perpetuate the infection (Johansen et al., 1996; Peyambari et al., 2006). A 
major trait used for classification as a part of this family is the formation of cytoplasmic 
cylindrical inclusions in the form of pinwheel structures (Edwardson, 1966a; b; Edwardson et 
al., 1968). Like the large order of viruses Picornavirales, viruses in Potyviridae have single-
 
Figure 1. A) Three mustard green leaves showing signs of infection with TuMV 
expressing GFP.  Leaf on far right is shown under UV light.  B) TEM of purified 
TuMV particles.  C) Genome of generic viruses in Potyviridae.  D) Diagram of 
cleavages of the polyprotein by designated proteases.  Autoproteolysis of P1 
Autoproteolysis of HC-Pro  Proteolytic cleavage sites by NIa-Pro. 
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stranded RNA genomes with a VPg, viral genome-linked protein, and polyadenylate tail 
(Dougherty, 1983). Bymovirus is the only group to have a bipartite genome with generally 
3.6 and 7.4 kilobase (kb) long RNA segments (Jacobi et al., 1995). The other seven genera 
have a positive sense RNA genome approximately 10 kb in length. Genomic RNA roughly 
comprises 5% of the virion by weight. The other 95% is 2,000 subunits of coat protein 
encasing the genetic information in a filamentous, flexuous rod structure 11 to 15 nm in 
diameter (Moghal & Francki, 1981). Virion length ranges from 650 to 900 nm in size, but 
bymoviruses have shorter individual particles, 250 to 300 nm and 500 to 600 nm, for the 
segments (Fig. 1b).  
Viruses enter the cell either via mechanical damage or cell-to-cell movement through 
plasmodesma or by aphid feeding (Gal-On et al., 1995; Martinez-Gomez et al., 2000; Wei et 
al., 2010). After the dissociation of the genome from the virion, cytoplasmic ribosomes are 
recruited to initiate synthesis of viral proteins. Translation machinery is recruited to the VPg 
and translation enhancer in the 5’ end of the viral genome and undergoes scanning to an 
AUG start codon (Eskelin et al., 2011; Leonard et al., 2000; Riechmann et al., 1991; 
Wittmann et al., 1997). Historically, each RNA molecule contains a single open reading 
frame (ORF) (Dougherty & Hiebert, 1980). The multiple proteins required for infection are 
translated as a polyprotein (Vance & Beachy, 1984). Starting at the amino terminus they are: 
P1, HC-Pro, P3, 6K1, CI, 6K2, NIa-VPg, NIa-Pro, NIb, and Coat protein (CP) (Fig. 1c). In 
2008, Chung et al. discovered an overlapping ORF within the cistron of the third protein, P3 
(Chung et al., 2008). They named it Pretty Interesting Potyviridae ORF (pipo). Although the 
overlapping ORF is conserved throughout the family of Potyviridae, length and sequence 
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vary (Hillung et al., 2013). The main feature of pipo is the G1-2A6-7 motif at the 5’ end of the 
ORF in place of a traditional start codon. The lack of an AUG combined with the ORF 
existing in an alternative reading frame suggests a frameshifting translation mechanism, 
where the same stretch of nucleotide sequence is used to generate more than a single protein.  
Not only does the viral RNA have multiple functions as the translational template and 
hereditary information as the genome, many of the proteins also serve several purposes 
during the viral life cycle (Ivanov et al., 2014). The first protein in the genome, P1, is a 
peptidase that binds RNA, participates in replication and causes various symptoms (Choi et 
al., 2002; Verchot et al., 1991). Although P1 is neither well-conserved nor required for 
establishment of infection, the presence and separation from Helper Component-Protease 
(HC-Pro) greatly impacts systemic infection (Tena Fernandez et al.). Both P1 and HC-Pro 
are autoproteolytic and release themselves from the rest of the polyprotein through a C-
terminal cleavage (Carrington & Herndon, 1992; Oh & Carrington, 1989). Besides being a 
peptidase, HC-Pro has diverse roles during several stages of the virus life cycle. Virus 
dissemination is facilitated by HC-Pro because it interacts with the insect vector’s stylet 
(Blanc et al., 1997; Legavre et al., 1996; Stenger et al., 2006; Urcuqui-Inchima et al., 1999). 
Another function for this protein is RNA silencing suppression to allow for genome 
replication and systemic movement of the virus (Cronin et al., 1995; Kasschau et al., 1997; 
Li et al., 2014). HC-Pro is one of the most potent silencing suppressors from plant viruses 
and is routinely used to inhibit RNA silencing when expressing exogenous proteins 
(Anandalakshmi et al., 1998). P3 is next in the polyprotein. It is the least conserved protein 
throughout potyviruses except for a region in the middle of the sequence corresponding to 
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pipo (Urcuqui-Inchima et al., 2001). Pathogenicity along with cell-to-cell movement are 
influenced by P3, but the latter is due to the expression of PIPO (Choi et al., 2005; Jenner et 
al., 2003; Wen et al., 2011). 6K1 is translated next, but it does not have a dramatic impact on 
the infection of potyviruses (Riechmann et al., 1995). The cytoplasmic inclusion protein, CI, 
is responsible for the formation of the characteristic pinwheel structures of Potyvirus as well 
as replication vesicle formation, and for virus movement (Baunoch et al., 1991; Riechmann 
et al., 1992). The second 6K protein, 6K2, induces vesicle formation and export through the 
cellular secretion pathway (Cotton et al., 2009; Schaad et al., 1997; Spetz & Valkonen, 2004; 
Wei & Wang, 2008). The nuclear inclusion protein A (NIa) precursor is further processed 
into two mature proteins, NIa-VPg and NIa-Pro. Previously mentioned, NIa-VPg or VPg is 
essential for virus translation by replacing the cap structure on mRNAs to initiate translation 
and is the target for resistance genes in the host (Ayme et al., 2007; Bruun-Rasmussen et al., 
2007; Khan et al., 2006; Naderpour et al., 2010). As the main protease, NIa-Pro processes 
itself and the rest of the fused polyprotein into independent, functional proteins (Fig. 1d) 
(Garcia et al., 1990; Kim et al., 1996). Cleavage intermediates have functional roles separate 
from mature proteins due to the varying efficacies of NIa-Pro at different sites (Merits et al., 
2002). Nuclear inclusion protein b, NIb, is the RNA-dependent RNA polymerase crucial for 
replication of the virus (Urcuqui-Inchima et al., 2001). At the C-terminus of the polyprotein 
is the coat protein, CP. The functional roles for the CP are vector interaction and virion 
packaging (Atreya et al., 1995; Jagadish et al., 1991). The order of the mature cleavage 
products in the polyprotein is as listed for most of the genera, but Bymovirus contains P1 and 
P2, in exchange for HC-Pro, on RNA2 and the rest on RNA1.  
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After translation of viral proteins in the cytoplasm, viral RNA replication takes place 
on membranes (Schaad et al., 1997). Vesicles form on the endoplasmic reticulum by creating 
bulges of replication vesicles (Grangeon et al., 2010). The newly-synthesized positive strand 
RNA is exported into the cytoplasm for continued translation and to initiate viral packaging. 
Genomic RNA is attached to the VPg at the 5’ end as well as encased by approximately 
2,000 units of the coat protein. Later in the viral life cycle, pinwheel structures start to form 
from the pool of CI proteins (Edwardson et al., 1968). It is hypothesized that the replication 
vesicles are then transported within and out of the cell using the cellular secretion pathway 
(Cui et al., 2010; Wei & Wang, 2008). Then, the vesicle enters the same or another cell to 
perpetuate the infection process.  
Movement is facilitated by a slew of proteins with varying roles for either cell-to-cell 
or systemic movement. Suppression of the host immune system by HC-Pro allows the 
genome to move stealthily to distant healthy cells without triggering host defenses. The coat 
protein is also involved with systemic dissemination (Dolja et al., 1995). The CI and 
P3NPIPO proteins are implemented in the short distance cell-to-cell movement via 
interaction with the cellular motor proteins and plasmodesmata respectively (Carrington et 
al., 1998; Vijayapalani et al., 2012). Like all stages of potyviral infection, the success of the 
virus requires concerted group participation.  
Turnip mosaic virus (TuMV) is one of the first characterized potyviruses along with 
Tobacco etch virus. Research has been ongoing since the early 1960’s (Jacoli, 1968; Matsui 
& Yamaguchi, 1964; Purcifull, 1966; Tomlinson & Walkey, 1967; Tomlinson et al., 1965). 
An infectious clone is available for TuMV, containing various marker proteins in a variety of 
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positions within the genome (Chen et al., 2007; Nicolas & Laliberte, 1992). This allows for 
ease and depth of study for this particular potyvirus. TuMV is able to infect a wide range of 
hosts from turnips and cabbages to the well-characterized model plant Arabidopsis thaliana 
(Walsh & Jenner, 2002). With the abundant amount of research, knowledge about A. 
thaliana, and a wide stock of available mutants, experiments of viral interaction with host 
can be readily tested. This makes TuMV a prime subject of research to study potyviral 
infection. 
Translation: recoding via frameshifting 
Translation, the synthesis of proteins occurs in three stages, initiation, elongation, and 
termination. With each stage, a different set of specific proteins (translation factors) is 
needed. Initiation is the first stage of translation when the messenger RNA (mRNA) with a 
cap and poly adenylate tail recruits factors and ribosomal subunits. Eukaryotic initiation 
factor (eIF) 4F recognizes the cap structure on the mRNA while the poly(A) tail interacts 
with poly(A) binding protein (PABP) (Gallie, 1991). Circularization of the mRNA occurs 
when the eIF4F and PABP form a scaffold at the 5’ end of the RNA. The complex is joined 
by the 40S subunit of the ribosome and scans to the initiator methionine codon. At this point, 
a transfer RNA (tRNA) with an attached methionine is positioned in the peptidyl (P) site of 
the ribosome (Hinnebusch, 2011). When the large 60S subunit of the ribosome joins with the 
positioned and primed 40S complex, most of the eIFs disassociate away from the ribosomal 
complex. Moving into the elongation stage, the next codon of the mRNA is decoded by the 
corresponding tRNA that has been correctly charged with its respective amino acid as it 
enters the aminoacyl (A) site of the ribosome (Burkhardt et al., 1998; Nierhaus et al., 1995). 
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A GTP is consumed to ratchet the ribosome after the peptide bond is formed between the 
methionine and the next amino acid (Spirin, 2002). The ratcheting movement moves the 
ribosome to the subsequent 3 bases of the mRNA encoding the next codon with the action of 
elongation factors. This shifts the two tRNAs already within the ribosome from the P and A 
site to the exit (E) and P site respectively (Rodnina et al., 1999). The initial tRNA that is no 
longer charged with methionine is released from the exit site to be recycled within the cell. 
The cycle continues until the ribosome encounters one of the three termination codons, UAA, 
UGA, or UAG (Caskey et al., 1968). A release factor enters in place of a charged tRNA 
triggering the termination of translation by signaling the ribosome to dissociate from the 
mRNA and freeing the peptide chain to fold into a functional protein (Buckingham et al., 
1997; Kisselev & Frolova, 1995; Tuite & Stansfield, 1994). All parts of the translational 
complex can be recycled to produce the same or another mature protein.  
Perturbations to the translation process can occur in any or all of the stages (Fig. 2). 
Particular RNA sequences can form secondary structures that bypass some or all of the eIFs. 
Viruses can successfully infect the host by utilizing structures to compete for all the same 
cellular resources the native mRNA would use. Internal ribosomal entry sites (IRES) and 
other cap-independent translational enhancers (CITE) of viruses can circumvent certain 
requirement for traditional initiation of protein synthesis (Brierley et al., 2007; Kieft, 2008; 
Thompson, 2012). Enhancer elements exist in untranslated regions (UTR) of the RNA, 
Poliovirus does not have a cap structure because it uses an IRES in the 5’ UTR, therefore 
does not require the corresponding eIF4E and inhibits the translation of any mRNA that does 
employ a cap structure to promote viral translation (Lee & Sonenberg, 1982; Sonenberg & 
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Pelletier, 1989). CITEs have differing requirements depending on the mechanism of function. 
For example, the IRES of the intergenic region of dicistroviruses do not require any factors 
for translation of the second ORF of the genome because it mimics the elongation complex 
by positioning its RNA structure the same as that of a tRNA and a mRNA within the 
decoding center of the ribosome (Jang et al., 2009). Within the 3’ UTRs of some plant 
 
 
Figure 2. The three stages of translation indicating cap-independent initiation and 
recoding events.  Black arrows indicate canonical steps. Red arrows are deviations 
induced by RNAs possible at each stage. An internal ribosomal entry site (IRES) allows 
for the bypass of various initiation factors (grey) depending upon the IRES. During 
elongation, -1 frameshifting (red arrows at right) alters the codon selection at the shifty 
site, changing the reading frame same mRNA.  Addition of selenocysteine instead of 
release factors (bottom left, pink) repurposes a stop codon to prevent termination. 
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viruses, an enhancer element circularizes the RNA instead of PABP to promote the 
recruitment of eIFs and ribosomal subunits to the 5’ end of the coding region (Nicholson & 
White, 2011; Simon & Miller, 2013). Barley yellow dwarf virus translation element (BTE), 
near the 3’ end of the genome, directly interacts with eIF4G, ribosome, and RNA structure in 
the 5’ UTR of the viral genome that is 5 kb upstream from the BTE (Guo et al., 2000; Treder 
et al.; Wang et al., 1997). These examples are a few of the myriad strategies viruses use to 
circumvent traditional translation initiation. 
 An arsenal of strategies is utilized in the next phase of translation. Elongation is the 
crucial phase of the process that allows viruses to expand their coding capacity by using 
alternative frames in overlapping coding regions to generate additional proteins (Firth & 
Brown, 2006). The change in frame is caused by various mechanisms that all include some 
interruption of the ribosomal movement along the viral RNA.  
A -1 frameshift facilitated by an RNA secondary structure is the most common 
mechanism to induce a change in reading frame. The signal is composed of three parts: 
slippery sequence, spacer sequence, and the RNA structure (Giedroc & Cornish, 2009). 
Stretches of bases are inherently slippery, generating a base level of frameshifting, but the 
frequency of the event is increased with the assistance of the RNA structure (Chen et al., 
2014). When the ribosome encounters a stable structure, it will pause to allow time for the 
complicated structure to unfold in order to access the bases that comprised the structure 
(Brierley, 1993; Giedroc et al., 2000). The interruption of the movement on the mRNA, 
combined with the ratcheting movement of the ribosomal complex, repositions the tRNAs in 
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both the P and A sites into a -1 frame and causing rereading of a single nucleotide when 
elongation proceeds (Cao & Chen, 2008; Hansen et al., 2007; Plant et al., 2003).  
Frameshifting in yeast and the E. coli prfB mRNA occurs in the +1 direction to 
produce RF2 (Craigen & Caskey, 1986; Farabaugh, 2010).  The frameshifting acts as a 
monitor of the cellular environment with a feedback loop. When RF2 protein pool is 
sufficiently adequate, no frameshift occurs on the prfB transcript in E. coli (Baranov & 
Gurvich, 2010). This leads to early termination at a UGA stop codon recognized by RF2, 
whereas if more protein is required in the cell, the said termination codon induces a +1 
frameshift to produce the full length, functional RF2 (Craigen & Caskey, 1987).   
In bacteriophages, ribosomes can skip or jump a discrete distance with the 
recognition of launching and landing sites encoded in the mRNA (Huang et al., 1988). 
Ribosomal bypass does not necessarily change frames during elongation because the landing 
sequence may position the ribosome in the same frame. The triggering and distance of the 
leap depends upon the surrounding sequence of the signal as well as RNA secondary 
structure (Gallant et al., 2004; Herr et al., 2000). Interactions between the nascent peptide 
chain and the exit tunnel of the ribosome impede the elongation process and exert strain upon 
the interaction between the tRNA in the peptidyl site and the transcript RNA (Weiss et al., 
1990). The stop codon in the A site of the ribosome is disregarded due to RNA structure 
filling the empty site. A tRNA in the peptidyl site of the ribosome is carried along during the 
movement and then assists in defining the new reading frame when landing (Herr et al., 
1999). Due to the preferred matching nature of the launching and landing sites, RNA 
structure, thought to be altered after ribosomal lift off, impacts the availability of the 
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particular codon to match the tRNA when determining the landing site (Wills, 2010). Other 
times, bacteriophage frameshift directionality is not conserved with -1, +1, and also -2 known 
to occur like in the G-T frameshift required for phage tail assembly, suggesting an emphasis 
on the ratio of proteins produced rather than a signal for a particular mechanism is more 
important (Hendrix, 2010).  
For the termination phase of translation, various strategies to repurpose stop codons 
expand the possible actions taken by the ribosome. Similar to jumping, ribosomal slippage, 
stop-go, or stop-carry-on involves nascent peptide-exit tunnel interaction and a slippage of 
the tRNA on the mRNA. This different sort of slippage does not function in prokaryotes and 
commonly bypasses only the single stop codon (Brown & Ryan, 2010). There is no change in 
the reading frame, and the tRNA within the ribosome does not need to interact with the 
mRNA again. Stop codon readthrough is frequently used by plant viruses to modulate the 
expression of certain proteins like RNA dependent RNA polymerase (Dreher & Miller, 2006; 
Skuzeski et al., 1991). Various motifs signal the continuation of translation after 
encountering a stop codon. Depending upon context, tRNAs of near cognate anticodons like 
those of tryptophan or tyrosine are able to pair with the stop codon instead of termination 
factors (Skuzeski et al., 1991). This allows for an extended C-terminus that may harbor 
functional domains needed in lower amounts than other viral proteins (Brown et al., 1996; 
Chay et al., 1996). Rare amino acid substitutions are an expansion of the translation process 
during the termination phase. Instead of recognition of a UGA stop codon by release factors, 
a rare amino acid like selenocysteine can be incorporated (Gladyshev & Hatfield, 2010). The 
elongation phase continues onward until encountering the next in-frame stop codon. All 
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phases of translation can be modified to regulate protein synthesis either by the cell or a 
pathogen (Maia et al., 1996). 
A -1 programmed ribosomal frameshift is a common strategy of viruses, regardless of 
host or type of viral genome. As stated above, a canonical programmed -1 frameshift signal 
includes a stretch of slippery sequence, spacer sequence, and RNA structure. The slippery 
sequence consists of seven bases, with the first through third bases being generally identical, 
fourth through sixth is a triplet of the same base, and the seventh position is any base but G. 
Described in the configuration such as X_XXY_YYZ before the shift and XXX_YYY_Z 
post shift. The Xs can be any of the four available bases in RNA, but Ys are usually A or U. 
The Z base is not a G (Plant & Dinman, 2006). This format allows the anticodon of the 
tRNAs to re-pair with the transcript because the third (wobble) position of the anticodon 
permits near cognate pairing as in G:U pairings (Licznar et al., 2003). Next, a stretch of six 
to eight nucleotides is present as a spacer between the slippery sequence and stable RNA 
structure (Kollmus et al., 1994). The amount of nucleotides within the spacer sequence 
assists in positioning the X_XXY_YYZ in the P and A sites of the decoding center and the 
stable RNA structure at the entrance to the mRNA tunnel into the ribosome (Brierley et al., 
1992). An hairpin (H)-type pseudoknot most often serves as the RNA stalling structure (ten 
Dam et al., 1990). The increasing resistance of the RNA structure to unfold at the entrance to 
the 80S ribosome strains the codon-anticodon interaction when the ribosome ratchets to 
proceed forward on the mRNA (Plant et al., 2003). Thus, possibly generating a certain level 
of -1 frameshift depending on the effectiveness of the slippery sequence. The stall of the 
ribosome on the stable structure creates an opportunity for a frameshift, but all the 
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components of the signal are required to work together to obtain a change in reading frame. 
The efficiency of frameshifting varies from 1% in luteoviruses to nearly 30% in 
coronaviruses (Barry & Miller, 2002; Brierley et al., 1989). Each part of the -1 programmed 
ribosomal frameshift signal contributes to the proficiency of frameshifting to modulate and 
optimize the ratios of proteins required in response to the specific cellular environment or 
situation. 
Systems to study translation 
The process of translation requires a delicate balance of molecules from across the 
cell all working in coordination to generate a functional protein. To better understand the 
mechanisms involved in protein synthesis, many systems have been developed to facilitate 
this research. They vary from whole cell assays to entirely reconstituted mixtures of purified 
translational factors and components. Commonly, an intermediate method consisting of an 
active lysate generated from cell culture is used. This provides the benefits of consistency 
and accurate cellular representation of concentrations of involved factors compared to the 
whole cell and synthetic biology approach, respectively. Cell lysate systems exist for many 
model organisms with established cell cultures. 
 For studies of prokaryotic translation, a system made from E. coli extract can be used 
to elucidate the structural components and mechanical motions of the ribosome (Gao et al., 
2003; Kurkcuoglu et al., 2008; Matsumoto & Ishida, 2009). Because the prokaryotic 
ribosome is a less complex macromolecule, it is easier to study and some aspects of research 
on it can be extrapolated to eukaryotic ribosomes due to the highly conserved function of 
ribosomes. Bacterial lysates allow for in-depth studies of genes that employ unique 
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alternative translational strategies as mentioned above. Besides basic research benefits, in 
vitro bacterial translation system can express a large amount of desired protein that can be 
easily purified for use in structural studies (Bernhard & Tozawa, 2013). 
Lysates from Saccharomyces cerevisiae have been available since the late 1970s 
(Gasior et al., 1979). More so than with prokaryotic E.coli lysates, knowledge about these 
ribosomes of “lower” eukaryotes applies to higher eukaryotes and also allows for comparison 
of prokaryotic and eukaryotic ribosomes (Ben-Shem et al., 2010; Spahn et al., 2001). This 
yeast system is less restrictive and adverse to manipulation than those of higher eukaryotes 
and still provides the crucial post-translational modifications that cannot be studied in the 
prokaryotic system. 
 Functional translation lysates have been obtained from plants commonly used in 
research such as A. thaliana, wheat, and tobacco. The translation assay for the model plant A. 
thaliana allow for studies incorporating mutant components or affect of particular genetic 
mutations. Lysate generated from wheat germ was one of the first eukaryotic systems 
developed for translation research (Prives et al., 1974; Roberts & Paterson, 1973). Its 
application has impacted fields of research beyond just plants. Tobacco cell lysate system 
facilitated studies of viral protein synthesis, particularly those that infect dicots.  
Mammalian translation systems have been generated from rabbits and even humans 
using HeLa cells. Rabbit reticulocyte lysates were first used to study mRNA translation 
within the cell, but the usefulness of the system exceeded this application to studies involving 
autoregulating pathways, mutant components, host immunity, and viral activity, even of plant 
viruses (Chu et al., 1991; Dougherty & Hiebert, 1980; Pelham & Jackson, 1976). HeLa 
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lysates provide a unique insight into the altered translation and other cellular processes in 
cancer cells, but are similar enough to infer normal function in experiments. It is useful for 
testing of specifically human diseases and mutations. Ability to study translation in a wide 
variety of settings in an efficient and reproducible manner grants access to basic knowledge 
about a highly conserved key process of life.   
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CHAPTER 2. FRAMESHIFT SIGNAL OF TuMV 
Manuscript in preparation 
Alice Hui, Ying Feng, Andrew Firth, Norma Wills, W. Allen Miller 
Introduction 
Potyviridae is one of the largest plant virus families, containing about one-fourth of 
all known plant viruses. This family is divided into eight genera, with the majority of the 
viruses belonging to the Potyvirus genus. A single open reading frame (ORF) is translated 
into a large polyprotein and was thought to represent the entire coding capacity, but in 2008, 
an overlapping ORF (pipo) was discovered (Chung et al., 2008). It proved to be essential for 
establishing systemic infection. Further studies have indicated that PIPO participates in the 
cell-to-cell movement mechanism the virus uses to traverse the plasmodesmata connecting 
adjacent cells (Vijayapalani et al., 2012; Wei et al., 2010).  
The new ORF is translated into a functional protein, but it lacks a traditional 
methionine start codon. Normally for translation, a 40S ribosomal subunit complex is 
recruited to the 5’ end of the mRNA and initiates scanning to the first methionine codon 
(AUG) to signify the start of the coding region and determine the reading frame in which to 
decode the message (Caskey et al., 1968). A conserved eight base motif at the 5’ end of pipo 
is proposed to facilitate the synthesis of this protein via frameshifting, a change in the reading 
frame, during translation elongation. Directionality and type of change to the triplet frame are 
determined by the specific signal embedded in the mRNA signified by +/- n, where + is skip 
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reading and – is rereading a (number of) base(s) and n is the amount of bases shifted from the 
original reading frame denoted as 0 frame.  
A widely used strategy of viruses to maximize the coding capacity of their genomes is 
through recoding, for example frameshifting, where a single sequence of nucleic acids can be 
used to generate multiple proteins (Maia et al., 1996). The canonical -1 programmed 
ribosomal frameshift signal includes a slippery sequence, spacer sequence, and secondary 
RNA structure of some kind (Giedroc & Cornish, 2009). The signal for frameshifting begins 
with the slippery sequence, usually X_XXY_YYZ with X being any base, Y is usually A or 
U, and Z can be any except G, and the underscores separating the codons in the zero frame 
(Brierley et al., 1992). Immediately downstream is the spacer sequence that varies from six 
to eight bases long. The spacer sequence positions the slippery sequence in the decoding 
center, the place of interaction for tRNAs and mRNA in the ribosome, where the runs of 
similar bases allow for mispairing (Kollmus et al., 1994). The third part consists of the RNA 
structure that can temporarily pause the ribosome to permit rearrangement in the decoding 
center.  
In contrast to the canonical -1 frameshift slippery sequence, the conserved motif at 
the putative frameshift site for potyviruses is G/A_GAA_AAA_A.  This somewhat resembles 
the slippery sequence, but no conserved secondary RNA structure follows downstream. 
Pausing of the ribosome is necessary for -1 programmed ribosomal frameshifting (Plant et 
al., 2003). No known instances have been discovered of +2 frameshifting. The absolute 
conservation of the last base is unusual for a -1 frameshift because it would not be involved 
in the critical decoding center within the ribosome, but it is critical for a +2 frameshift. 
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Because the directionality of frameshifting is still uncertain, pipo exists simultaneously in the 
-1 or +2 frame. The purpose of this paper is to identify the programmed ribosomal frameshift 
signal used to translate P3NPIPO in potyviruses. 
Materials and Methods 
Constructs to study the TuMV frameshift signal 
Cloning restriction enzyme and PCR 
A poly(A) tail consisting of 60 adenosines was inserted downstream of the firefly 
luciferase stop codon. Traditional restriction enzyme cloning with XbaI and BamHI was used 
to insert the poly(A) tail into dual luciferase cassette pdLUC for each of the viral context 
constructs within the set (Bieleski & Talbot, 2001). These plasmids were generically termed 
pDlucA. Turnip mosaic virus (TuMV) sequence with approximately 100 bases upstream and 
100 bases downstream of the potyviral programmed ribosomal frameshift (PPRF) 
G_GAA_AAA_A motif at the 5’ end of pipo was inserted into the reporter cassette using 
BglII and XhoI sites. The set consists of wildtype TuMV PPRF, mutant PPRF, In-frame 
control, mutant in-frame control, and stop (Appendix Table 1). 
Cloning by ligation with duplex 
Deoxyoligonucleotides (oligos, synthesized by IDT, Coralville, IA) of the eight bases 
of the PPRF sequence flanked by the sequence of the digested overhangs of restriction 
enzyme sites for BglII and XhoI for ease of ligation in between the luciferase genes in 
pDlucA. Upstream and downstream deletion constructs were also synthesized as oligos. They 
were duplexed according to New England Biolabs duplexing protocol. The mimicked 
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overhangs of digested ends for the restriction enzyme sites were ligated to prepared pDlucA 
plasmids using T4 DNA ligase. Sequencing confirmed accuracy of the incorporated viral 
components. 
Cloning using PCR to generate mutations  
Overlapping PCR with point mutations in the primers built the pseudoknot and PPRF 
mutant constructs (Appendix Table 2). Two segments of DNA were PCR-amplified using 
two sets of primers where one forward or reverse primer contained the PPRF with specific 
point mutations. A second round of PCR using the 2 overlapping segments of DNA 
amplified the entire viral context sequence with the PPRF mutation. Then, the PCR DNA 
was cloned into the dual luciferase cassette using restriction enzyme digestion and ligation.  
Cloning with gBlocks 
gBlocks are blunt ended DNA duplexes synthesized according to the PPRF and the 
surrounding viral context in the viruses of the other genera. Sequences are available in 
RefSeq: Blackberry virus Y (BlVY) NC_008558.1, Cucumber vein yellowing virus (CVYV) 
NC_006941.1, Chinese yam necrotic mosaic virus (ChYNMV) NC_018455.1, Sugarcane 
streak mosaic virus (SCSMV) NC_014037.1, Ryegrass mosaic virus (RGMV) 
NC_001814.1, Wheat streak mosaic virus (WSMV) NC_001886.1, Wheat yellow mosaic 
virus (WYMV) NC_002350.1. The Gibson assembly method (Merits et al., 2002) was used 
to recombine the gBlocks and linearized empty dual luciferase cassettes. The constructs were 
verified by sequencing. 
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In vitro transcription  
Plasmids linearized with BamHI and purified were templates for the transcription 
reaction. Manufacturer’s protocol of the T7 mMessage mMachine® kit from Ambion was 
followed. Lithium chloride precipitation followed for purification of the RNA. Dilution with 
nuclease free water reached a final concentration of 200 nM of RNA. 
In vitro translation  
RNA transcripts were translated in both wheat germ extract (WGE) and in tobacco 
lysate. Commercially available WGE from Promega was used as per manufacturer’s 
protocol. Potassium chloride, amino acid mix minus methionine, and amino acid mix minus 
leucine were added to a final concentration of 40mM. There was 10nM of RNA for each 
reaction. Incubation at room temperature proceeded for 1 hour followed by storage at -20°C 
until use in dual luciferase assay. 
Following the Komoda and Ishikawa protocol, translationally active lysate (BYL) 
was made from tobacco cell culture line Bright yellow 2 (BY2) (Komoda et al., 2004). 
Replicate experiments using three separate preparations of the lysate translated the RNAs to 
account for variable activity of the BYL. The translation reaction contained 10 nM of RNA. 
Protein synthesis proceeded for an hour at room temperature, then was frozen at -20°C until 
use in dual luciferase assay. 
Translation in protoplasts 
Protoplasts used for in vivo translation were prepared according to Rakotondrafara et 
al (2007). A final concentration of 4 nM of RNA was electroporated into 1x106 cells. After 
addition of 5 ml of protoplast culture media, incubation proceeded for 4 hours at room 
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temperature in the dark to prevent plastid development. Cells were pelleted by centrifugation 
at 100xg for 15 minutes. 5x passive lysis buffer, from the dual luciferase kit, diluted to 1x to 
resuspend the cell pellet according to the manufacturer. The samples were stored in -80°C 
until use in dual luciferase assay. 
Dual luciferase assay and analysis 
Dual-Luciferase® Reporter assay kit from Promega was used to assess the translation 
efficiencies of the RNA within the lysate or protoplasts. For in vitro translation, 1 µl of 
reaction was used with 50 µl of LAR II to quantify firefly luciferase activity. The same 
amount of prepared Stop&Glo® reagent was mixed to measure Renilla luciferase. GloMax® 
20/20 luminometer with Dual-Glo program was used for acquiring measurements with 1 sec. 
integration time. Protoplasts were lysed in 300 µl of 1x Passive lysis buffer through several 
freeze/thaw cycles. Centrifugation at 16,000xg for 15 minutes in a refrigerated centrifuge 
pelleted the cell debris. 10 µl of the supernatant was used in the assay in the same protocol as 
in vitro. Each set of readings was done in triplicate and repeated thrice. 
Measurements of the luciferase activities were analyzed as a ratio of firefly to Renilla 
expression ((fLUC/rLUC)*100= % translation). Raw data were normalized with the in-frame 
control defined as 100% translation for each experiment. Then, the data were statistically 
analyzed using the method described by Jacobs and Dinman to remove outliers and by the 
Bartlett test (Jacobs & Dinman, 2004). The final adjusted frameshift efficiency is equal to the 
negative control subtracted from the wildtype percent (Wildtype - Stop= % frameshift 
efficiency).  
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Results 
Conserved Potyviral motif within viral context facilitates frameshifting 
There is a conserved motif at the 5’ end of pipo, an overlapping coding region within 
the middle of the P3 cistron consisting of the sequence G_GAA_AAA_A. To examine if the 
conserved motif, called Potyviral programmed ribosomal frameshift (PPRF) motif, is 
sufficient to facilitate the expression of the overlapping ORF via a frameshift, it and the 
surrounding ~100 bases of viral sequence on both sides were placed between two luciferase 
ORFs in a dual reporter system, pDlucA, producing constructs containing ~200 bases of viral 
sequence (Fig. 1a). In vitro transcribed RNA was translated using wheat germ extract (WGE) 
and BY2 lysate (BYL) to generate the upstream Renilla luciferase in all constructs and the 
downstream firefly luciferase only if the viral sequence stimulated a -1 or +2 frameshift. The 
wildtype TuMV motif of G2A6, had a frameshift efficiency of 12.1% ± 0.7% when the in-
frame firefly luciferase control was normalized to 100% (Fig. 1b). The mutated PPRF had a 
slightly higher efficiency than the negative control, in which stop codons were generated by 
using point mutations after the Renilla luciferase ORF upstream of the PRRF, with 3.8% ± 
0.3% compared to 2.54% ± 0.9%. Translation of the same RNAs in vivo using protoplasts, 
yielded a frameshift rate of 26% ± 2% for wildtype TuMV. In contrast to WGE and BYL, 
mutated PPRF in protoplasts had 6% ± 2% and the negative control frameshift efficiency was 
1.48% ± 0.04%. Both in vitro and in vivo data indicates the PPRF conserved G2A6 motif 
generates surprisingly high level of frameshifting, but the efficiency differs depending on the 
translation system. 
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PPRF motif alone is slippery 
Although the motif G_GAA_AAA_A does not conform to the standard slippery 
sequence in a canonical programed ribosomal -1 frameshift signal, X_XXY_YYZ, it is 
similar to the -1 frameshift motifs in TuYV, Turnip yellows virus (G_GGA_AAC), and 
MMTV, Mouse mammary tumor virus (A_AAA_AAC), slippery sequences which is the site 
where there is a change in codon frame. Mutational analysis of frameshift signal slippery 
sequence by Brierley et al. (1992)  indicated both A_AAA_AAA and G_GGA_AAA are 
permissible for a -1 change in the reading frame. To assess if the motif alone can induce 
frameshifting, the eight bases consisting of the PPRF were inserted into the dual luciferase 
cassette (Fig. 2a). RNAs were made and translated using in vitro (WGE and BYL), and in 
vivo (protoplasts), systems. Wildtype PPRF generated 8.2% ±0.4% frameshift efficiency in 
the lysate compared to the 10% ±1% within cells after normalization (Fig. 2b). This is 
reminiscent of the 8% frameshift efficiency found by Plant and Dinman for A_AAA_AAU in 
Figure 1.  A) Map of the dual luciferase cassette zoomed into the viral sequence for the 
contents of the 200 bases surrounding the PPRF motif.  B) Graph of relative ratio of 
fLUC/rLUC normalized to where the In-frame control is equal to 1. , q, and ×denote a 
p-value of <0.0001 
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WGE plant in vitro translation system (Plant & Dinman, 2006). The data for the mutated 
PPRF and negative control were similar to those of the motif within surrounding viral 
context. Mutated motif and negative control had approximately 2% and 3% for in vitro and in 
vivo systems, respectively. This indicates the eight bases of the PPRF at the 5’ end of pipo 
alone are enough to stimulate a change in the codon reading frame.  
Absence of cis element adjacent to motif 
Canonical programmed ribosomal -1 frameshift signals consist of three parts, in 
sequential order: slippery sequence, spacer sequence, and RNA secondary structure. Within 
the Potyvirus genus and Potyviridae family, there are not any predicted RNA secondary 
structures downstream of the conserved motif following the spacer sequence to generate the 
pause of the ribosome required for a frameshift (A. Firth, personal communication). Cryptic 
 
Figure 2.  A) Scaled map of the dual luciferase cassette zoomed into the location of the 
conserved 8 bases PPRF motif.  B) Graph of relative ratio of fLUC/rLUC normalized to where 
the In1frame control is equal to 1. !denotes a p-value of 0.04 and , q, and ×denote a p-
value of <0.0001. 
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Figure 3. A) Scaled map of the dual 
luciferase cassette zoomed into the 
viral sequence present B) Graph of 
relative ratio of fLUC/rLUC 
normalized to where the In-frame 
control is equal to 1. !denotes a p-
value of 0.04 and , q, and ×denote a 
p-value of <0.0001. C) Downstrean 
100 bases of viral sequence with 
possible internal initiation codon 
indicated in black, PPRF in dark gray, 
and start of firefly luciferase in light 
gray. 
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structures are difficult to identify computationally, but can be discovered during the course of 
experimentation. To test for any cis-acting RNA secondary structure, either the upstream 100 
bases or the downstream 100 bases of viral context were removed from the pDlucA 200 
bases of viral context set of constructs (Fig. 3a). All four sets of RNAs, 200 bases, Upstream 
100 bases, Downstream 100 bases, and eight bases PPRF alone, (all of which contained the 
PRRF) were translated in WGE, BYL, and protoplasts. Then were assayed for luciferase 
activities (Fig. 3b). Luciferase readings of the wildtype viral sequence for in vitro translations 
for all four constructs were 12.1% ± 0.7%, 4.70% ± 0.04%, 3.9% ± 0.1%, 8.2% ± 0.04%, 
respectively. Negative control readings for in vitro assays were 2.54% ± 0.09%, 3% ± 1%, 
0.035% ± 0.009%, 1.0% ± 0.5%, respectively. Difference between the normalized negative 
control values for constructs with and without the downstream 100 bases of viral sequence 
suggested this segment houses an internal initiation site that lead to translation of firefly 
luciferase in vitro independent of frameshifting (Fig. 3c). No probable internal initiation was 
observed for protoplasts with the negative control all under 1% of the normalized in-frame 
control. The four constructs: 200 bases, Upstream 100 bases, Downstream 100 bases, and 
eight base PPRF alone, yielded 18% ± 1%, 11.2% ± 0.1%, 10.8% ± 0.4%, 10.3% ± 0.3% 
frameshifting in vivo, respectively. These readings seem to indicate a requirement for no 
specific cis element, other than the PRRF (present in all constructs), but the PPRF flanked by 
100 viral bases on each side gave the highest level of frameshifting. There is no obvious role 
for a downstream secondary structure, unlike in canonical -1 frameshifting.  
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Addition of pseudoknot potentially influences efficiency 
Lack of RNA secondary structure downstream of the PPRF leads to the question of 
whether the ribosome still pauses and by what mechanism. Previous research states a pause is 
mandatory for programmed ribosomal frameshifting (Chen et al., 2014). The small, well 
understood frameshift signal of Turnip yellows virus (TuYV) was fragmented and inserted 
after or in place of the conserved PPRF (Fig. 4a) (Cornish et al., 2006; Garcia et al., 1993). 
First, the TuYV pseudoknot that consists of 25 bases was inserted six bases downstream of 
the conserved TuMV motif. Second, only the slippery sequence of TuYV, G_GGA_AAC 
replaced the TuMV PPRF of G_GAA_AAA_A. In the third construct, the whole frameshift 
signal of TuYV, slippery sequence, spacer sequence, and pseudoknot, replaced the TuMV 
PPRF within the 200 bases of surrounding TuMV viral context. The luciferase activity assay 
produced approximately 15% frameshift efficiency values for wildtype and 8% for the 
negative control in both WGE and BYL when normalized to the in-frame control. TuMV 
Figure 4. A) Scaled map of the dual luciferase cassette zoomed into the location of the 
PPRF motif with addition of a pseudoknot or replacement with parts of TuYV frameshift 
signal. B) Graph of relative ratio of fLUC/rLUC normalized to where the In-frame control 
is equal to 1. !denotes a p-value of 0.04 and , q, and ×denote a p-value of <0.0001. 
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motif with TuYV pseudoknot (TuMV TuYV), TuYV full frameshift signal (TuYV FS), and 
TuYV slippery sequence (TuYV SS) yielded 25%, 25%, and 8% frameshifting in WGE 
compared to 8%, 5%, and 6% in BYL. The difference in frameshift rate between the two in 
vitro systems may be due to the artificial environment of the WGE and BYL (Dinesh-Kumar 
et al., 1992; Kozak, 1990). Addition of RNA secondary structure, such as a pseudoknot, had 
a potentially positive, but statistically insignificant impact on the frameshift efficiency of the 
PPRF motif. Replacement of the conserved motif with the TuYV slippery sequence was on 
par with the efficiency of the mutated motif. TuYV frameshift signal permitted a minimal 
amount of frameshifting within the TuMV context, which is similar to the reported rate of 
frameshifting within the native context in wheat germ extract (Garcia et al., 1993). 
Directionality of frameshift using mutational analysis 
The overlapping pipo is in the -1 or +2 reading frame, while P3 is, by definition, in 
the 0 frame. Because the exact amino acid sequence of the protein product at the frameshift 
site is unknown, the directionality of the change in frame is uncertain. Therefore, mutational 
analysis of the conserved motif to decrease the propensity of frameshifting in a particular 
direction, -1 or +2, was done for this study (Fig. 5a). First, mutants were generated to 
decrease the propensity for a -1 frameshift compared to +2 because -1 programmed 
ribosomal frameshifting is a frequent strategy of viruses with limited genome sizes. A +2 
frameshift has not been observed in nature. Two constructs were included that should abolish 
frameshifting in either direction. The fLUC stop construct inserts a stop codon into the 
coding region to completely negate translation and prevent synthesis of firefly luciferase via 
possible internal initiation (Fig. 5b). All constructs yielded close to the background level of 
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luciferase activity for the negative control (Fig. 5). Unfortunately, it is not clear whether the 
potyviral frameshift is in the -1 or +2 direction to allow for translation of pipo due to the 
potential background levels of internal initiation generated by the potyviral sequence within 
the pDlucA constructs (Fig. 5c). Mass spectrometry analysis to determine the amino acid 
sequence spanning the frameshift site, will illuminate the direction of frameshift.  
Frameshift efficiencies of other genera in Potyviridae 
The motif at the 5’ end of pipo for TuMV is conserved, although not perfectly, within 
the genus, and also within the whole Potyviridae family of viruses. To examine the 
frameshift rates of viruses from the other genera, a 200 base tract surrounding the PPRF 
motif (100 bases on each side) was inserted between the luciferase genes (Fig. 6a). Viruses 
were chosen because of agricultural importance, availability of sequence, whether the PPRF 
Figure 5. A) The construct with the various mutant PPRF motif sequence shown in the box. B) 
Negative control dual luciferase construct where a stop codon was inserted into the firefly 
luciferase gene to prevent any translation due to internal initiation. C) The frameshift 
efficiencies of the mutant motifs compared to TuMV wildtype in wheat germ extract and BY2 
yellow lysate.!denotes a p-value of 0.04 and , q,  and × denote a p-value of <0.0001. 
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is the consensus motif of the genus, and/or whether the virus is the type member of the 
genus. Blackberry virus Y (BlVY) was chosen for genus Brambyvirus. Cucumber vein 
yellowing virus (CVYV) was chosen for Ipomovirus. Chinese yam necrotic mosaic virus 
(ChYNMV) was chosen for Macluravirus. Sugarcane streak mosaic virus (SCSMV) was 
chosen for Poacevirus. Ryegrass mosaic virus (RGMV) was chosen for Rymovirus. Wheat 
streak mosaic virus (WSMV) was chosen for Tritimovirus. Wheat yellow mosaic virus 
(WYMV) was chosen for Bymovirus. The frameshift efficiencies varied greatly (Fig. 6), but 
it is unknown how much of the frameshifting is due to internal initiation because like TuMV, 
several of the viral sequences encoded a start codon. Although, disparity of the rates may be 
due to the level of sequence conservation of the PPRF or position of the cistron relative to the 
rest of the genome. The PPRF motif is most likely the conserved stretch of 6A’s, but it alone 
does not account for the entire frameshift efficiency as seem for TuMV with the comparison 
of the presence of adjacent sequences and only PPRF motif above. This may indicate an 
influence of location of the PPRF motif in relation to the genome or P3. Length of the pipo 
ORF may be another factor that alters frameshift efficiencies from virus to virus.  
Table 1 Potyviridae constructs showing the conserved motif. 
Genus Virus PPRF 
Potyvirus TuMV G_GAA_AAA_AG 
Brambyvirus BlVY A_GAA_AAA_AG 
Bymovirus WYMV G_GAA_AAA_AU 
Ipomovirus CVYV A_GAA_AAA_AC 
Macluravirus ChYNMV G_GAA_AAA_AA 
Poacevirus SCSMV G_GAA_AAA_AC 
Rymovirus RGMV A_GAA_AAA_AG 
Tritimovirus WSMV G_GAA_AAA_AU 
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Discussion 
More and more overlapping ORFs are being discovered in viral genomes.  This 
increases the coding capacity of the genome without adding sequence length to avoid 
mutations with the error prone viral RNA dependent RNA polymerase.  This alternative 
usage of the same nucleotide sequence is called recoding. Frameshifting, ribosomal hopping 
or skipping, and stop codon read-through are examples of recoding (Atkins & Gesteland, 
2010; Dinman, 2012). These events occur whenever there is a programmed signal within the 
RNA transcript. In addition to viruses, recoding can potentially occur in any organisms that 
contain that particular sequence of nucleotides because the recoding event depends on 
sequence alone.  
The pipo ORF exists in the -1/+2 translation frame relative to the large polyprotein 
frame. Viruses are known to employ various recoding methods, but there has never been a 
Figure 6. A) The dual luciferase construct is similar to the TuMV wildtype where 200 bases 
of viral sequence in between the genes, but with sequences of the various representative virus 
from each genera. TuMV wildtype represents the Potyvirus genus. B) Comparison of the 
various genera frameshift propensities.!denotes a p-value of 0.04 and , q, and ×denote a 
p-value of <0.0001. 
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known case of +2 frameshifting in any living system (viral, prokaryote, eukaryote). The lack 
of canonical elements required for a -1 frameshift in potyvirid genomes suggests either a new 
mechanism for programmed -1 shifting, all stretches of adenines can facilitate frameshifting 
in a controlled manner, or a previously undiscovered +2 frameshifting signal. The conserved 
(G)_GAA_AAA_A motif contains a stretch of adenines, which are known to induce a -1 
shift at a 8% rate, similar to the rate of the PPRF and truncation constructs (Chen et al., 2014; 
Plant & Dinman, 2006) (Fig. 2). Recently, viruses in other families were discovered to 
frameshift at stretches of adenines, although directionality and most likely mechanism are not 
conserved (Niu et al., 2014; Sharma et al., 2014; Wang et al., 2006). When surrounding viral 
context is present, there is an increase in frameshift rate, suggesting a cis-enhancing function 
in the adjacent bases without an obvious required structure or conserved sequence other than 
the PPRF motif. With no discrete RNA structure within the viral sequence downstream of the 
PPRF, the mechanism to direct frameshifting may be caused by the ribosome itself in 
conjunction with the PPRF motif. Obstruction in the exit tunnel of the ribosome by charged 
residues of the nascent peptide can act as a mechanism of pausing to potentiate shifting, but 
no conservation of particular peptide stretches are found upstream of the eight base PPRF 
(Weiss et al., 1990; Wills, 2010). Transcriptional slippage at stretches of adenines is not a 
potential explanation to the change in frames unlike in E.coli, because this would have to 
occur during both in vitro transcription by the T7 polymerase that is used to synthesize the 
RNAs for the translation experiments and during viral replication (Wagner et al., 1990).  It is 
unlikely due to the nature of RNA virus replication and translation strategies where the 
translational template is the genomic RNA (Fig. 7). The slippage would cause mutations 
within the genomic RNA potentially leading to instability and adversely impacting viability 
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of the virus by triggering nonstop mediated decay (Klauer & van Hoof, 2012). Another 
possibility is the unequal incorporation rate or translational efficiency of various codons 
(Qian et al., 2012; Thanaraj & Argos, 1996). According to Lu and Deutsch, multiple lysine 
codons (AAA or AAG) that occur sequentially can cause pausing of the ribosome (2008). 
Both lysine codons are used in the motif, always with AAA as the second (Koutmou et al., 
2015). The specific mechanism of frameshifting that potyviruses use is unknown, but the 
signal for frameshifting is not the canonical -1 signal that has been well characterized in 
other viruses. Analysis of previously overlapping ORFs discarded due to a lack of a 
traditional signal needs to be reevaluated.  
 A key feature that hints at a +2 frameshift is the position of the last A in the 
(G/A)_GAA_AAA_A motif relative to the zero frame ORF.  This A is universally conserved 
in hundreds of potyvirid sequences, and there is no known role for a base at this position to 
be conserved in -1 frameshifting, for which the frameshift signal is X_XXY_YYZ.  If the 
tRNA paired to AAA jumped forward two bases, its two non-wobble bases, would still be 
paired to the mRNA (UUU paired to AAX), where X is the base after the last A of the 
(G/A)_GAA_AAA_A motif.  Future experiments are necessary to test the need for the 
terminal A.  
Figure 7. Sequence alignment of RT-PCR from RNA extracted from TuMV infected 
samples. Top line is reference sequence of TuMV. Sequence alignment of 2 RT-PCR 
samples is shown. Both match the reference sequence completely with no added 
adenine(s). 
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 Given that the PPRF motif alone causes such efficient frameshifting, begs the 
question, does frameshifting occur every time that sequence occurs in a host mRNA? 
Analysis of the A. thaliana Refseq RNA database from National Center of Biotechnology 
Information yielded nearly 6,000 occurrences of the PPRF motif in coding regions (Table 2). 
Approximately 1,700 of the instances exist in the same reading frame as the PPRF motif to 
potentially generate a frameshift. But further restriction of two G’s prior to the stretch of A’s 
like in TuMV (G_GAA_AAA_A), reduces the presence of the PPRF motif in the same 
orientation by nearly a third. Of the 35,000 coding regions in the database set, the TuMV 
PPRF motif appears in the exact positioning nearly 1.5% of the time. Suggesting the 
possibility of frameshifting in all translated RNAs in A. thaliana to be tantamount to 5% 
without the restriction of the additional G. RNAs containing the PPRF motif do not share an 
obvious characteristic. Further studies using host RNAs will be necessary to assess the ability 
of the PPRF motif to generate frameshifting and at what efficiency.  
  A shift of frame out of the polyprotein ORF, in 0 frame, and into pipo ORF, -1/+2, 
impacts translation and abundance of any of the proteins encoded after P3, which include the 
CI and coat protein. Both of these are needed in higher proportion to the RNA dependent 
RNA polymerase, NIb. HC-Pro is upstream of P3, and should not be affected by the potential 
decrease in production of mature proteins. Relatively more HC-Pro would be beneficial to 
the virus with ample supply to initiate or maintain suppression of the host silencing pathway. 
Table 2. A. thaliana Refseq RNA analysis for the PPRF motif in a total of 35,386 coding 
regions (CDS). 
Motif sequence 
Number of CDS 
with motif 
Occurrences of 
motif in CDS 
Occurrences of 
(N/G_GAA_AAA_A) 
in frame 
GAAAAAA 5008 6047 1729 
GGAAAAAA 1670 2254 541 
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There exists an additional level of regulation like triggering the different stages in the viral 
life cycle that still needs further research to decipher the purpose of varied production rates 
and concentrations of the different proteins generated by recoding events like frameshifting 
(Plant et al., 2010).  
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CHAPTER 3. TRANSLATION LYSATE 
Manuscript in preparation 
Alice Hui, Krzysztof Treder, W. Allen Miller 
Introduction 
Eukaryotic in vitro translation systems have been in common use since the 1970s 
with the establishment of wheat germ extract and rabbit reticulocyte lysate used to study 
mRNA and their products (Pelham & Jackson, 1976; Roberts & Paterson, 1973). Now, these 
systems are used in a multitude of research areas including virology, protein expression, 
translational machinery studies of ribosomal components and function, synthetic biology 
including incorporation of synthetic tRNAs, and alternative translation mechanisms beyond 
traditional cellular mRNA and protein products (Carlson et al., 2012; Dougherty & Hiebert, 
1980; Higgs & Colbert, 1993; Kinnersley et al., 1978; Shimizu et al., 2001). An advantage to 
an in vitro cell free system is the ability to continuously monitor and adjust the environment 
of the reaction to control more variables within the experiment. With continual refreshment 
of an energy system, large quantities of proteins can be produced and extracted without 
possible contamination by proteases or cellular debris (Spirin et al., 1988). It is particularly 
useful to generate large amounts of a lethal protein or lethal quantities that cannot be 
produced in cell culture. 
To generate a selective in vitro translation system similar to that of an in vivo system, 
oat cells were manipulated into a functional lysate. Protoplasts are a widely accepted method 
used to mimic viral infection within the plant to investigate impacts on cellular translation 
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and viral protein concentration, production, and activity (Edwards & Weiland, 2014; 
Skuzeski et al., 1991; Velasquez et al., 2012). Oat cells have been utilized in this fashion 
(Brown et al., 1996; Fan et al., 2012). Formation of an in vitro system with a natural 
assortment and abundance of cellular proteins, in contrast to the available commercially 
optimized lysates, will allow for a more accurate assay that is easier to manipulate to 
facilitate research. 
Methods 
Equipment and supplies 
• 125ml Erlenmeyer flask 
• Aluminum foil 
• Shaker incubator at 25°C that can be set from 70 to 200 rpm 
• 50ml disposable conical tubes 
• Refrigerated floor centrifuge 
• Rotor SH-3000 
• 10ml pipets 
• Pipeter 
• Microscope 100x magnification 
• Glass slide 
• Ultracentrifuge tubes 14 x 89 mm (max 13ml) 
• Ultracentrifuge 
• Rotor SW-41 Ti 
• Sterile Pasture pipette and bulb 
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• 15ml disposable conical tubes 
• Sterile miracloth 
• 7ml tight-fitting Dounce homogenizer 
• 1.5ml microcentrifuge tubes 
• Pipetteman and tips 
• Tabletop microcentrifuge 
• Luminometer 
• Gel rig and power source 
• Agarose gel 
• Plastic cling wrap 
• Phosphoscreen 
• Phosphoscreen cassette 
• Phosphoimager 
Buffers and reagents 
• Oat suspension culture media according to Rakotondrafara et al., 2007 
• Wash buffer according to Rakotondrafara et al., 2007 
• Digestion solution according to Rakotondrafara et al., 2007 
o Driselase (Sigma-Aldrich), Hemicellulase (Sigma-Aldrich), and Cellulase RS 
(Yakult Pharmaceutical Industry Co., LTD) 
• TR buffer according to Komoda et al., 2004 
• Various v/v % Percoll solution according to Komoda et al., 2004 
• Protoplast wash buffer according to Komoda et al., 2004 
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• RNA 
• Translation mix according to Komoda et al., 2004 
• Creatine phosphokinase from Roche 
• RNase inhibitor from Promega 
Procedure 
Oat callus, suspension culture, and protoplasts were generated according to 
(Rakotondrafara et al., 2007). Using a modified protocol based upon oat evacuolation and 
tobacco cell lysate, we established a method for the creation of an in vitro cell-free 
translation system derived from oat cells (Komoda et al., 2004; Newell et al., 1998). One-
week old oat suspension culture was digested into protoplasts with driselase, hemicellulase, 
and cellulase for approximately 14 hours at 25°C in the dark. The cells were washed twice 
with wash buffer and then reconstituted in 0.4 M mannitol salt solution. Carefully, the 
protoplasts were loaded on top of a layer of 30% Percoll.  Using a swing bucket rotor, the 
protoplasts were ultracentrifuged for 30 minutes at 85,000xg with slow deceleration. A layer 
of cells, above the Percoll pellet mixed with masses of undigested oat cells, contained the 
mini-evaculoated protoplasts. Distinction from the pellet was difficult, but noticeable due to a 
slightly brighter yellow coloration (Fig. 2). Collection was done with a Pasture pipet to avoid 
excess contamination by debris. To reduce the Percoll concentration and remove additional 
debris, several washes and filtration provided oat mini-evaculoated protoplasts ready for 
lysis. Approximately 80 strokes with a dounce homogenizer completely disrupted the mini-
protoplasts. The lysate was diluted, aliquoted, and stored at -80°C until use.    
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1. Grow oat suspension culture in incubator shaker (25°C 200rpm) for 7-10 days until 
cell density is at least a fifth of the culture volume. (Fig. 1a) 
2. Transfer whole culture to 50mL conical tube and let cells settle. 
3. Decant culture media. Cells should comprise about 7 ml. 
4. Add digestion solution slowly while agitating cells up to 30 ml. 
5. Place tube on its side in incubator shaker set at 28°C, 70 rpm in the dark for 14-18 hr. 
6. Sample digestion on microscope slide every half hour until completion, the desired 
protoplasts (about 75% of cells) are detached and circular. There will still be clusters 
of undigested cells. (Fig. 1b) 
7. Pellet protoplasts with SH-3000 rotor set to 100xg for 5 minutes. 
8. Decant supernatant and resuspend pellet in 10 ml of wash buffer. Repeat wash. 
9. Filter protoplasts through sterile miracloth to remove undigested clusters. 
10. Wash protoplasts once more. 
11. Decant supernatant. Resuspend protoplasts in leftover liquid. It will be viscous. 
12. Load the protoplasts carefully on top of the 30% Percoll in the ultracentrifuge tube. 
13. Ultracentrifuge with SW-41 Ti rotor set to 100,000xg for 20 minutes with no breaks. 
Figure 1 A) Flask of oat suspension cell culture ready for digestion. B) High density of 
prepared protoplasts under an inverted light microscope. 
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14. From this point, do everything on ice. 
15. Using a sterile Pasture pipette for minimal disturbance, aspirate the second to last 
layer above the Percoll pellet. It will be difficult to differentiate the second to last and 
last layer. The second to last layer will be a saturated yellow (Fig. 2a). 
16. Observe collected layer using a microscope to visualize evacuolated miniprotoplasts. 
(Fig. 2b). 
17. In 15 ml conical tube, dilute Percoll in miniprotoplasts using 5x volume of protoplast 
wash buffer to gently resuspend. 
18.  Centrifuge using SH-3000 at 100xg for 5 minutes. Repeat wash twice. 
Figure 2 A) Visualization of the layers of cells after ultracentrifugation with the miniprotoplast 
layer indicated by the bracket. The various layers observed under the microscope. The 6th and 
last layer is not shown because it is a dense Percoll pellet containing cellular debris. B) 
Appearance of extract when completely lysed using the homogenizer 
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19. For last resuspension, use 3x volume of TR buffer compared packed cells. Use 1x 
volume TR buffer to rinse tube into Dounce homogenizer. 
20. Use the tight plunger for 70-100 strokes until all miniprotoplasts are lysed. Observe 
using microscope. 
21. Transfer lysate to 1.5mL microcentrifuge tubes. 
22. Centrifuge at 500xg for 10 minutes at 4° to pellet debris. 
23. Store at -80°C until use. 
Time 
Step Time needed 
1 7-10 days 
2-4 1 hour 
5 14-18 hours 
6-12 1 hour 
13 1.5-2 hours 
14-23 1.5-2 hours 
Results 
Lysate translation activity 
During the digestion process, not all cells are digested uniformly. Clusters of cells 
slightly affect the robustness of the translation in whole protoplast assays by lowering 
transfection efficiency. To see if it similarly impacts the lysate translational efficiency, 
removal of the clusters via filtering was done in parallel with non-separated viable 
protoplasts while generating active lysate.  The mass of the clusters of cells allowed for co-
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precipitation with Percoll at a slightly higher density layer than the miniprotoplast. Presence 
of the clusters can be observed within the Percoll pellet as well as the miniprotoplast layer in 
the unfiltered treatment. Filtering provided an increase in miniprotoplast uniformity with 
minimal debris compared to unfiltered. Removal of undigested material greatly increased the 
translational efficiency of the lysate. Filtered lysate activity was double that of the unfiltered 
lysate in the translation of luciferase mRNA. When both treatments were concentrated with a 
3 kDa exclusion column, luciferase activity increased according to manufacturer’s reported 
concentration estimate. 
 
                
Figure 3.  There was an approximate 10x increase in translational activity when 
incubation time doubled, but the effect of removing of debris prior to homogenization was 
more dramatic with ~100x increase.  
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Duration of the translation assay in a lysate manufactured by a commercial company 
is typically advised for 1 to 2 hours of incubation (Van Herwynen & Beckler, 1995). Both 
time points were tested for filtered and unfiltered oat lysate. In the unfiltered treatment, 
translation efficiency was near background levels comparable to water negative control for 1 
hour of incubation. Filtered lysate exhibited a robust amount of translational activity. At 2 
hours, the unfiltered lysate doubled the activity of 1 hour, but still at minuscule levels 
compared to filtered lysate. Extension of incubation time to 2 hours increased the activity of 
the lysate 100x over the activity at 1 hour for the filtered treatment.  
 It seems the critical optimization in the generation of oat cell-free lysate is the 
removal of undigested material in the protoplasts used during the process. Removal of 
potential vacuole, protease, and nuclease contamination preserves the viability of the lysates 
like the Bright yellow 2 lysate and Arabidopsis cell-free extract systems (Komoda et al., 
2004; Murota et al., 2011). Selective and accurate retrieval of the miniprotoplast layer is 
critical for function. 
In relation to other cell-free translation systems 
The oat lysate is comparable to the other non-commercially available system of 
tobacco Bright Yellow 2 cells detailed by Komoda and Ishikawa (Komoda et al., 2004). Both 
of the non-commercial systems were not as efficient as their commercial counterparts. This 
may be due to the source of starting materials (protoplasts vs. wheat germ), variability of the 
cell culture, and optimization of components within the reaction. The oat lysate yielded about 
100-fold less luciferase activity than wheat germ extract, but the assay readings were 200-
fold over background levels (i.e. in the hundreds of thousands of luciferase units). A decrease 
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Figure 4. EMCV has a cap-independent IRES for translation. Caluc is a transcript of 
luciferase with a 5’ cap and polyA tail. BlucB is the untranslated regions of Barley yellow 
dwarf virus that contain a cap-independent translation element (CITE) that is functional in 
plant systems. BlucBF is the same as BlucB, but with a non-functional CITE. Uncap 
Caluc is a luciferase transcript with a polyA tail, but no 5’ cap structure. A) Translational 
activity of various cell-free translation systems B) Normalization of the luciferase unit to 
the capped RNA as 1. 
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in translation activity was observed in correlation to the amount of time after the lysate and 
reaction components were prepared and stored in -80°C due to the limited shelf life of the 
active enzymes. When normalized, both non-commercial systems displayed similar 
stringencies, as in the need for a 5’ cap structure, unlike the rabbit reticulocyte lysate system 
that translated any provided mRNA (Fig. 4b). After normalization, the translation enhancer 
known to be functional in oat protoplasts outperforms the wheat germ extract and BYL using 
the oat cell lysate. The presence of a poly(A) tail seems to have a minimal impact upon the 
efficiency of translation. 
Discussion 
Protoplasts are useful tools to study cellular plant biology, but it can be difficult to 
reproduce the same quality of cells for each experiment. Careful handling and maintenance 
of the cell culture while using aseptic techniques requires experience and time. In vitro 
systems to study translation are easily obtained and optimized commercially, but may be 
overly active to provide an accurate assessment of cellular conditions. A compromise exists 
with suspension cell culture-derived active lysate that can be easily stored and optimized, but 
allows for a closer reflection of the cellular environment with natural concentrations of 
cellular components. Lysate translation systems have been developed for E. coli, yeast, wheat 
germ, tobacco, and A. thaliana (Altmann & Trachsel, 2002; Kigawa et al., 2004; Shimizu et 
al., 2006). Reported here is an oat equivalent that can be made into a functional in vitro 
translation lysate. This will provide a simple system to accurately assess in vitro translation 
in the same species that we use for in vivo protoplast assays.  
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Development of this lysate was based upon a similar protocol for generating tobacco 
lysate. The use of an inert substance, Percoll, to generate a gradient preserved the cells rather 
than adding environmental stress of excess sugars from a sucrose gradient. Initial attempts to 
evacuolate the oat protoplasts with lower force similar to that of tobacco were unfruitful. A 
higher acceleration was necessary to remove vacuoles from oat protoplasts compared to 
tobacco and A. thaliana (Komoda et al., 2004; Murota et al., 2011). Approximately 10-times 
the gravitational force was required to remove the light density vacuoles from the intact 
dense cellular constituents. The increased mechanical strain was acceptable within the 
amount experienced by the cells throughout the procedure because the miniprotoplasts were 
still intact and retained cellular activity. Studies with abiotic stresses may be feasible to a 
certain extent in this and other lysate systems. 
Steady hands and avoiding contamination is critical for success in this method. 
Filtration of the clumps of undigested cells allowed for easier extraction of the miniprotoplast 
layer without debris from contact with the Percoll pellet. Varying the densities of Percoll, 
particularly addition of 70%, did not increase separation of the miniprotoplast layer from the 
surface of the Percoll pellet. Due to the viscosity of the layer of miniprotoplasts, a Pasture 
pipette had the appropriate aperture for extraction. Mayhap a pipette with a larger aperture 
would be ease the process of obtaining the miniprotoplast layer with minimal disturbance of 
surrounding debris. Further optimization of this method could increase yield of 
miniprotoplast and active lysate. 
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CHAPTER 4. GENERAL CONCLUSIONS 
Frameshifting occurs in potyviruses at the G1-2A6-7 motif at the 5’ end of the 
overlapping pipo ORF (Fig. 1). The long string of adenines makes the sequence normally 
slippery allowing for frameshifts without the aid of an RNA structure to generate a ribosomal 
pause. Not only on the translational level, a stretch of adenines poses a problem for 
transcriptional fidelity as well. Occasionally an extra adenine(s) may be present in the copy 
compared to the template due to an insertion or deletion when transcribing. This would be an 
ineffective use of resources for the potyvirus infecting a cell because of the waste in energy 
and resources of replicating a defective negative strand that acts as template for RNA 
molecules that are used for both translation and genome packaging. If this were to occur, 
there would be a greater range of adenines within the conserved motif. It may be that the 
string of adenines within the motif arose due to transcription error and has been preserved 
when adapted for a specific function. Perhaps a comparison of various strains and near 
related viruses or infected herbarium specimens could provide insight into the evolution of 
the motif. For a broader view using the whole family of Potyviridae, mayhap convergent or 
divergent evolution could be observed to provide insight into the adaptation of a sequence 
into a functional de novo gene (Valli et al., 2006). Information about the evolution process 
can be helpful in predicting mutations that could be targets for antiviral treatments. Due to 
the large number and distribution of Potyviridae, an effective strategy against these viruses 
could positively impact world food production, particularly in countries with a high 
population of subsistence farmers.  
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New tools to facilitate research should be explored and developed such as the in vitro 
oat cell lysate translation system. This will expand the repertoire of methods available to 
study plant cellular function in a semi-controlled environment that better reflects in vivo 
conditions. Because the lysate is made in the lab, the source material can be manipulated to 
reflect a specific status of the cell for studies including response of the cell in an infected 
state. Finer details could be obtained about the impact of environment or health upon various 
topics like pathogen defense, mechanism of synergy during infection, or fate of translation 
during times of abiotic or biotic stress. The development of new methods helps further the 
understanding of nature by increasing the number and perspectives of observations available 
to science. 
Figure 1. Proposed frameshift mechanism of Potyvirus compared to traditional elongation 
and canonical -1 frameshifting. 
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APPENDIX A. CLONES AND PRIMERS 
 Map of the pDluc plasmid with T7 promoter indicated in yellow, Renilla luciferase 
ORF in pink and firefly luciferase ORF in teal. BglII and XhoI sites are between the 
luciferase ORFs used for cloning of viral sequences. There are 60 bases of adenine following 
the firefly luciferase ORF bracketed by XbaI and BamHI restriction enzyme sites. 
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Table 1. List of plasmids used for PPRF motif experiments.  
Description Name Stop Viral context PPRF sequence 
Pseudoknot 
(TuYV) 
Viral 
context Genus 
Viral context        
Wildtype GW No Yes G_GAA_AAA_A No Yes Potyvirus 
In frame control 
of wildtype GI No Yes G_GAG_AAG_AA No Yes Potyvirus 
Mutated PPRF GM No Yes A_GAG_AAC_A No Yes Potyvirus 
In frame control 
of mutated 
PPRF 
GMI No Yes A_GAG_AAC_CA No Yes Potyvirus 
Negative 
control GS Yes Yes G_GAA_AAA_A No Yes Potyvirus 
        
PPRF        
Wildtype GW No No G_GAA_AAA_A No No Potyvirus 
In frame control 
of wildtype GI No No G_GAG_AAG_AA No No Potyvirus 
Mutated PPRF GM No No A_GAG_AAC_A No No Potyvirus 
In frame control 
of mutated 
PPRF 
GMI No No A_GAG_AAC_CA No No Potyvirus 
Negative 
control GS Yes No G_GAA_AAA_A No No Potyvirus 
        
Deletion        
Wildtype GW No Yes G_GAA_AAA_A No Yes Potyvirus 
Wildtype GW No No G_GAA_AAA_A No Yes Potyvirus 
Wildtype GW No Yes G_GAA_AAA_A No No Potyvirus 
Wildtype GW No No G_GAA_AAA_A No No Potyvirus 
In frame control 
of wildtype GI No Yes G_GAG_AAG_AA No Yes Potyvirus 
In frame control 
of wildtype GI No No G_GAG_AAG_AA No Yes Potyvirus 
In frame control 
of wildtype GI No Yes G_GAG_AAG_AA No No Potyvirus 
In frame control 
of wildtype GI No No G_GAG_AAG_AA No No Potyvirus 
Negative 
control GS Yes Yes G_GAA_AAA_A No Yes Potyvirus 
Negative 
control GS Yes No G_GAA_AAA_A No Yes Potyvirus 
Negative 
control GS Yes Yes G_GAA_AAA_A No No Potyvirus 
Negative 
control GS Yes No G_GAA_AAA_A No No Potyvirus 
        
Pause        
Pseudoknot TuMV TuYV No Yes G_GAA_AAA_A Yes Yes Poty/Polero 
PPRF change TuYV PPRF No Yes GGG_AAA_C No Yes Poty/Polero 
Frameshift 
signal TuYV fs No Yes GGG_AAA_C Yes Yes Poty/Polero 
In frame control 
of wildtype GI No Yes G_GAG_AAG_AA No Yes Potyvirus 
Wildtype GW No Yes G_GAA_AAA_A No Yes Potyvirus 
Mutated PPRF GM No Yes A_GAG_AAC_A No Yes Potyvirus 
Negative 
control GS Yes Yes G_GAA_AAA_A No Yes Potyvirus 
        
PPRF Mutants        
Inhibit +2 
frameshift no +2 No Yes G_GAA_AAA_G No Yes Potyvirus 
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Inhibit -1 
frameshift no -1 (1) No Yes A_GAG_UUA_G No Yes Potyvirus 
Inhibit -1 
frameshift no -1 (2) No Yes G_GAA_GUU_AC No Yes Potyvirus 
Inhibit -1 
frameshift no -1 (3) No Yes G_GAA_GUU_AG No Yes Potyvirus 
Inhibit -1 
frameshift no -1 (4) No Yes A_GAA_AAA_A No Yes Potyvirus 
Inhibit all 
frameshift no fs No Yes A_GCA_GUU_A No Yes Potyvirus 
Inhibit all 
frameshift no fs (2) No Yes G_GCA_GUU_A No Yes Potyvirus 
In frame control 
of wildtype GI No Yes G_GAG_AAG_AA No Yes Potyvirus 
Wildtype GW No Yes G_GAA_AAA_A No Yes Potyvirus 
Mutated PPRF GM No Yes A_GAG_AAC_A No Yes Potyvirus 
Negative 
control GS Yes Yes G_GAA_AAA_A No Yes Potyvirus 
        
Potyviridae        
Blackberry 
virus Y BIVY No Yes A_GAA_AAA_AG No Yes Brambyvirus 
Wheat yellow 
mosaic virus WYMV No Yes G_GAA_AAA_AU No Yes Bymovirus 
Cucumber vein 
yellowing virus CVYV No Yes A_GAA_AAA_AC No Yes Ipomovirus 
Chinese yam 
necrotic mosaic 
virus 
ChYNMV No Yes G_GAA_AAA_AA No Yes Macluravirus 
Sugarcane 
streak mosaic 
virus 
SCSMV No Yes G_GAA_AAA_AC No Yes Poacevirus 
Ryegrass 
mosaic virus RGMV No Yes A_GAA_AAA_AG No Yes Rymovirus 
Wheat streak 
mosaic virus WSMV No Yes G_GAA_AAA_AU No Yes Tritimovirus 
In frame control 
of wildtype GI No Yes G_GAG_AAG_AA No Yes Potyvirus 
Wildtype 
(TuMV) GW No Yes G_GAA_AAA_A No Yes Potyvirus 
Mutated PPRF GM No Yes A_GAG_AAC_A No Yes Potyvirus 
Negative 
control GS Yes Yes G_GAA_AAA_A No Yes Potyvirus 
 
Table 2. List of primers used to generate the plasmids used for PPRF motif experiments. 
Name 5' - 3' sequence 
Poly A tail  
PolyA_PCR1_MluI_Forward_AH AGCCATGCCATCGACTAGAG 
PolyA_PCR1_XmaI_Reverse_AH CCTCTACCCGGGATCTTGC 
PolyA_PCR1_XmaI_Reverse2_AH CTAGGCCCGGGATCCTCTA 
PolyA_PCR2_SalI_Forward_AH CGGTAGAGAACACGGAGAGGCA 
PolyA_PCR2_ApaI_Reverse_AH CCATTCGCCATTCAGGCTGC 
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Sequencing confirmation  
PIPO F CGTGTAACAGATTCATGGGCA 
PIPO R CCTACACACACTATTCGACACCTT 
pDluc sequence Forward CAGCGACGATCTGCCTAAGATGTTCATCG 
  
PPRF (G_GAA_AAA_A)  
XhoI GW BglII Forward TCGAGGGAAAAAAGA 
XhoI GW BglII Reverse GATCTCTTTTTTCCC 
XhoI GI BglII Forward TCGAGGGAGAAGAAGA 
XhoI GI BglII Reverse GATCTCTTCTTCTCCC 
XhoI GM BglII Forward TCGAGAGAGAACAGA 
XhoI GM BglII Reverse GATCTCTGTTCTCTC 
XhoI GMI BglII Forward TCGAGAGAGAACCAGA 
XhoI GMI BglII Reverse GATCTCTGGTTCTCTC 
XhoI GS BglII Forward TCGAGATAATAGTTGGAAAAAAGA 
XhoI GS BglII Reverse GATCTCTTTTTTCCAACTATTATC 
  
Deletion  
GW up deletion Forward 
TCGAGGGAAAAAAGTTATCTACAAATCTTGGACGAAGCATGGAACGAGTTA
AGTTGGTCGGAGCGA 
GW up deletion Reverse 
GATCTCGCTCCGACCAACTTAACTCGTTCCATGCTTCGTCCAAGATTTGTAG
ATAACTTTTTTCCC 
GW down deletion Forward 
TCGAGAGAACCAAACTGGGAGCTTGCGGATGGTGGATACACAATTCTGAGG
GATCATAGCATCTCCATTTTGGAAAAAAGA 
GW down deletion Reverse 
GATCTCTTTTTTCCAAAATGGAGATGCTATGATCCCTCAGAATTGTGTATCCA
CCATCCGCAAGCTCCCAGTTTGGTTCTC 
GI up deletion Forward 
TCGAGGGAGAAGAAGTTATCTACAAATCTTGGACGAAGCATGGAACGAGTT
AAGTTGGTCGGAGCGA 
GI up deletion Reverse 
GATCTCGCTCCGACCAACTTAACTCGTTCCATGCTTCGTCCAAGATTTGTAG
ATAACTTCTTCTCCC 
GI down deletion Forward 
TCGAGAGAACCAAACTGGGAGCTTGCGGATGGTGGATACACAATTCTGAGG
GATCATAGCATCTCCATTTTGGAGAAGAAGA 
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GI down deletion Reverse 
GATCTCTTCTTCTCCAAAATGGAGATGCTATGATCCCTCAGAATTGTGTATCC
ACCATCCGCAAGCTCCCAGTTTGGTTCTC 
GS up deletion Forward 
TCGAGATAATAGTTGGAAAAAAGTTATCTACAAATCTTGGACGAAGCATGG
AACGAGTTAAGTTGGTCGGAGCGA 
GS up deletion Reverse 
GATCTCGCTCCGACCAACTTAACTCGTTCCATGCTTCGTCCAAGATTTGTAG
ATAACTTTTTTCCAACTATTATC 
GS down deletion Forward 
TCGAGATAACCAAACTAGTAGCTTGCGGATGGTGGATACACAATTCTGAGG
GATCATAGCATCTCCATTTTGGAAAAAAGA 
GS down deletion Reverse 
GATCTCTTTTTTCCAAAATGGAGATGCTATGATCCCTCAGAATTGTGTATCCA
CCATCCGCAAGCTACTAGTTTGGTTATC 
  
PPRF mutants and pause  
pDlucA 200b no +2fs F GCATCTCCATTTTGGAAAAAGTTACTCTACA 
pDlucA 200b no +2fs R TGTAGAGTAACTTTTTCCAAAATGGAGATGC 
pDlucA 200b no -1fs 1 F GCATCTCCATTTTAGAGTTAGAAAATCTACA 
pDlucA 200b no -1fs 1 R TGTAGATTTTCTAACTCTAAAATGGAGATGC 
pDlucA 200b no -1fs 2 F GCATCTCCATTTTGGAAGTTACAAATCTACA 
pDlucA 200b no -1fs 2 R TGTAGATTTGTAACTTCCAAAATGGAGATGC 
pDlucA 200b no -1fs 3 F GCATCTCCATTTTGGAAGTTAGAAATCTACA 
pDlucA 200b no -1fs 3 R TGTAGATTTCTAACTTCCAAAATGGAGATGC 
pDlucA 200b no -1fs 4 F GCATCTCCATTTTAGAAAAAAGTTATCTACA 
pDlucA 200b no -1fs 4 R TGTAGATAACTTTTTTCTAAAATGGAGATGC 
pDlucA 200b no -1 and +2fs 1 F GCATCTCCATTTTAGCAGTTAGAAATCTACA 
pDlucA 200b no -1 and +2fs 1 R TGTAGATTTCTAACTGCTAAAATGGAGATGC 
pDlucA 200b no -1 and +2fs 2 F GCATCTCCATTTTGGCAGTTAGAAATCTACA 
pDlucA 200b no -1 and +2fs 2 R TGTAGATTTCTAACTGCCAAAATGGAGATGC 
pDlucA 200b TuYV motif F GCATCTCCATTTTGGGAAACAGTTATCTACA 
pDlucA 200b TuYV motif R TGTAGATAACTGTTTCCCAAAATGGAGATGC 
pDlucA 200b motif mutants R CGAACGCTCATCTCGAAGTACTCG 
pDlucA 200b TuYV fs signal F 
CTCGAGAGAACCAAACTGGGAGCTTGCGGATGGTGGATACACAATTCTGAG
GGATCATAGCATCTCCATTTTCGGGAAACGGAGTGCGCGGCACCGTCCG 
pDlucA200bTuMVwtTuYVpseudoF 
CTCGAGAGAACCAAACTGGGAGCTTGCGGATGGTGGATACACAATTCTGAG
GGATCATAGCATCTCCATTTTGGAAAAAAGGAGTGCGCGGCACCGTCCG 
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pDlucA200bTuMVwtTuYVpseudoR 
AGATCTCGCTCCGACCAACTTAACTCGTTCCATGCTTCGTCCAAGATTTGTA
GATAAAGCGGCGTCGGGGATGTTGGAGTCCGTTTGTTCCGCGGACGGT 
  
Potyviridae  
pDlucA WYMV 
GAACGAGCAGTATTTCTACACCTCGAGCATGATGAGACACGCTGACAGCTG
CCTGCAAGAGAGTTCTTCCTCTGCCGTCGCCATGTTACAAACTCAAGTCCAG
AAAGTCGGCTCCCTCTTAATCAGCGGAAAAAATCGCGTAGAAAGTTGCGAA
CTTTATGTCTTACACCTCACCGCGCGCGCTTTCAGGACCGAATATGGATTAA
AGGGTACTTGCTTTGGAGAACACTGCGCAGATCTGCCACCATTGAAGATGCC
AAAAACATTAAGAAGGGCCCAGCGCCATTCTACCCACTCGA 
pDlucA ChYNMV 
GAACGAGCAGTATTTCTACACCTCGAGTTTGCTTAACGTCTTAACAGCAAAC
TTGAGCATAGAGGAGAGCCGCCGTAACACTGACATCCTGCAAGCGTGCAAT
GCAGTTTATAACGAGCTCATCAAGGAAAAAAACTACATGTATCACTGCGAA
AAACAAATTTACAACCTCACAGACAAACAATTCGAGGACATGTTTGGCTGCT
CCCGTACGTGGCATTCCAAGCTTTGCGAAGATCTGCCACCATTGAAGATGCC
AAAAACATTAAGAAGGGCCCAGCGCCATTCTACCCACTCGA 
pDlucA RGMV 
GAACGAGCAGTATTTCTACACCTCGAGTGTAACCACTGATTCAATGCAGCGT
GCGATTGAACTCAACAATTGCGACATTGAGCTGGCTAGAGGTGGGTATGCT
AGTATCAACACTAGTTGGCGAAAGAAAAAAGAGCAATACTACGCCGATCTC
ATAAAGGAATATTACAACGCGTTGTCACCACAGGCAAAAATATTCGTATCG
CGTGCGTACATTGGATATCTGCACGCCACAGATCTGCCACCATTGAAGATGC
CAAAAACATTAAGAAGGGCCCAGCGCCATTCTACCCACTCGA 
pDlucA SCSMV 
GAACGAGCAGTATTTCTACACCTCGAGAACTGGGCCACATTATGAATTCTTC
CAGGTGATTACAGCTCAGTATGCGGCAACGAGATACTCTGCAAATGCTATA
GCTCTGATGGATCAATTTGGTGAGGAAAAAAACACTATCGTCGAATTAGAA
GAGCTATACAGGCCGATTATTCGCGAGTCTTTAATCGAATTTGGGCTGTCAA
GCAGATCATCGTTCGGGAAGTTGAACTCAGATCTGCCACCATTGAAGATGCC
AAAAACATTAAGAAGGGCCCAGCGCCATTCTACCCACTCGA 
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pDlucA WSMV 
GAACGAGCAGTATTTCTACACCTCGAGGCAACACATGAAAGCTGAGATGAT
GCAATATATTGATGCACTGCAACGCTCAATTCTTGAGGAGCAAGTAATCATA
GAGATGGATCGAGTTGGAGGAAAGGAAAAAATGCTCGTCGAGCAAGATCTT
TCACACGCAGAGTGTGCGTACAACGAGTTCTTCAACTCCATTGGCTACTTAA
ACTTTCATGGAACCGTTTTACGACTCACAGATCTGCCACCATTGAAGATGCC
AAAAACATTAAGAAGGGCCCAGCGCCATTCTACCCACTCGA 
pDlucA BIVY 
GAACGAGCAGTATTTCTACACCTCGAGGAGATGGTATGCTGATGCTAGCGC
ACGCCTGCAACACCTTAAGATTGACGTTGATTTGCTCAAGAATGGGTTCAGG
TCATCGCAGCGAGAACACGTTGAGAAAAAAGAACAGCTCTTGTGCGACAGC
TTCGAACGCCTCTACAACGAACAAAACTCATCTTTAGAGTCGCTAAAAACGC
GATGTGGCATGGGATCAGCACGAGCATTAGATCTGCCACCATTGAAGATGC
CAAAAACATTAAGAAGGGCCCAGCGCCATTCTACCCACTCGA 
pDlucA CVYV 
GAACGAGCAGTATTTCTACACCTCGAGAGATGAACCAGAGCTAGCCAGGAT
ACGCGCATTGATTCGCAGTCAATTCGACTCTGTTCGGGAGAGCAGTAAATAC
GAAATCATTGATCGAATCATTGAGAAAAAAACAAAATTGCAAGCAGACGAA
ATTATTATGCGCGAGCTCATTCGTCGACAGTACGCAGAGTTATTTTCATGGC
GGGAGCGCGCATTAATGAATTTCTGTTCAGATCTGCCACCATTGAAGATGCC
AAAAACATTAAGAAGGGCCCAGCGCCATTCTACCCACTCGA 
  
Fluc Stop construct  
pDlucA GG fLUC Stop F AGCTGCACTAAGCCATGAAGCGC 
pDlucA GG fLUC Stop R GCGCTTCATGGCTTAGTGCAGCT 
  
Soybean moasic virus pDlucA  
SMV WT XhoI Forward GACAGCAAAAGACTCGAGGACAATGTAC 
SMV WT BglII Reverse TCTCCGTATGTAGATCTAATCTTTTCAATTGCC 
SMV IFC NdeI BssHII Forward TATGAGAGGAGTCTACTCAGATCGCTTGAAGCAGGAATGG 
SMV IFC NdeI BssHII Reverse CGCGCCATTCCTGCTTCAAGCGATCTGAGTAGACTCCTCTCA 
SMV Mutant NdeI BssHII Forward TATGACCGAATCTACTCAGATCGCTTGAAGCAGGAATGG 
SMV Mutant NdeI BssHII Reverse CGCGCCATTCCTGCTTCAAGCGATCTGAGTAGATTCGGTCA 
SMV Mutant IFC NdeI BssHII Forward TATGACCGAAGTCTACTCAGATCGCTTGAAGCAGGAATGG 
SMV Mutant IFC NdeI BssHII Reverse CGCGCCATTCCTGCTTCAAGCGATCTGAGTAGACTTCGGTCA 
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SMV Stop XhoI NdeI Forward 
TCGAGGTAATAGTAGATAGAAAGAAAAGCATCCAACAACCAATTGGTGGAG
AATGGTTTTGTAGACATGAATGACAAATTGTACATGGCA 
SMV Stop XhoI NdeI Reverse 
TATGCCATGTACAATTTGTCATTCATGTCTACAAAACCATTCTCCACCAATTG
GTTGTTGGATGCTTTTCTTTCTATCTACTATTACC 
  
PPRF (G_AAA_AAA_A)  
pDluc GA Stop F GCTCGCTAGCTTCGAGGATATCAGATCAGC 
pDluc GA Stop R  ATCCTCGAGTGTGCTACTAAACTTAGCTCTAGGTGTAGAAATACTGC 
XhoI AW BglII Forward TCGAGGAAAAAATTA 
XhoI AW BglII Reverse GATCTAATTTTTTCC 
XhoI AI BglII Forward TCGAGGAAGAAGA 
XhoI AI BglII Reverse GATCTCTTCTTCC 
XhoI AM BglII Forward TCGAGCAACAATTTA 
XhoI AM BglII Reverse GATCTAAATTGTTGC 
XhoI AMI BglII Forward TCGAGCAACAATA 
XhoI AMI BglII Reverse GATCTATTGTTGC 
XhoI AS BglII Forward TCGAGCTAATAGAAGAAAAAATTA 
XhoI AS BglII Reverse GATCTAATTTTTTCTTCTATTAGC 
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APPENDIX B. RADIOACTIVE ANALYSIS OF TuMV PPRF 
MOTIF AND IN IN VITRO TRANSLATION ANALYSIS OF 
OTHER POTYVIRUSES 
 
 
 TuMV sequence in dual luciferase constructs were radiolabelled with 35S methionine 
for visualization of the frameshift on a polyacrylamide gel. The sensitivity of the radiolabel 
will show minimal amounts of frameshifting. Translation reactions were performed using 
 
Figure 1.  35S methionine labeled translation reactions to observe frameshifting 
efficiency. A) 200 base viral context set B) PPRF motif C) Deletion and pseudoknot 
set D) PPRF mutant motif set E) Potyviridae set. Water is a negative control and 
BMV is a positive control with bands expected at 110 kDa, 100 kDa, 35 kDa, and 20 
kDa. Wildtype (WT) for any set shows a very minimal amount of frameshift product 
as a faint band around 110 kDa and a prominent band around 45 kDa of the non-
frameshifted product indicated by arrows. In-frame control (IFC) has a prominent 
band around 110 kDa, the same size of the frameshifted product in WT. Stop has a 
prominent band around 30kDa due to the stop codon after the Renilla luciferase ORF 
rather than the normal in frame stop in the firefly luciferase ORF for the experimental 
frameshift constructs. The minimal frameshifting is congruent with the amount 
reported for WGE reactions in Chapter 2. 
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WGE as described above with modifications for use of a radiolabeled methionine according 
to manufacturer’s protocol. All sets were analyzed, and the minimal amounts of 
frameshifting seen on the gels were comparable to the results for WGE reactions described in 
Chapter 2 (Fig. 1).  
 Besides TuMV, other potyviruses were tested. Both Onion yellow dwarf virus and 
Soybean mosaic virus are part of the genus Potyvirus like TuMV, but they have 
A_GAA_AAA_A as their PPRF motif rather than G_GAA_AAA_A. Viral sequence 
surrounding the PPRF motif for these viruses were inserted into the dual luciferase reporter 
 
Figure 2 A) The dual luciferase construct is similar to the TuMV wildtype where 200 bases 
of viral sequence in between the luciferase ORFs, but with sequences of either OYDV or 
SMV. B) 35S methionine labeled gel of translation of SMV constructs with WGE. Upper 
arrow indicates the frameshifted product and the lower arrow marks the non-frameshifted 
product. C) Scaled map of the dual luciferase cassette zoomed into the location of the 
conserved 8 bases PPRF motif. D, E, F) Graph of relative ratio of fLUC/rLUC normalized 
to where the In-frame control is equal to 1.  and ×denote a p-value of <0.0001. 
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plasmid analogous to the 200 base viral context of TuMV. The PPRF motif set of constructs 
was also generated where only the 8 bases motif is between the luciferase ORFs. Translation 
was done in vitro with WGE and in vivo with oat protoplast to assay the frameshift efficiency 
of A_GAA_AAA_A PPRF motif (Fig. 2). There was no significance between wildtype, 
mutant, and the stop negative control for any of the sets containing the A_GAA_AAA_A 
motif. More in depth investigation into OYDV and SMV PPRF motif along with similar 
motifs in the other Potyviridae genera is needed to comprehend the high frameshift 
efficiency for the background. This will shed light upon the inconclusive results for the 
Potyviridae set of constructs. 
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APPENDIX C. EXPLORING THE FUNCTION OF P3NPIPO 
 
 
 Many potyviral proteins serve multiple functions like helper component-protease 
(HC-Pro) that acts as the silencing suppressor and is involved in long distance movement. 
P3NPIPO participates in a complex to facilitate cell-to-cell movement of the virus through 
the plasmodesmata (Vijayapalani et al., 2012; Wei et al., 2010). To determine if P3NPIPO 
Figure 1. A. thaliana wildtype Col-0, dicer triple mutant (dcl 2/3/4), and RNA 
dependent RNA polymerase triple mutant (rdr 1/2/6) were bombarded with Turnip 
mosaic virus (TuMV) WT, pipo-41, or pipo-68 mutants. The left panel is the plant 
under white light and the right panel is under UV light. TuMV contains a green 
fluorescent protein reporter gene to assist in observing infection under UV light. 
Healthy plant tissue fluoresce red under UV light due to the chlorophyll. Only TuMV 
wildtype was able to infect any of the A. thaliana plants.  
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has an alternative function in opposing host defenses, A. thaliana mutants of silencing dcl 
2/3/4 and rdr 1/2/6 were inoculated with wildtype and truncated P3NPIPO mutants (Fig 1). 
Dicer (dcl) and RNA dependent RNA polymerase (rdr) are critical components in plant 
RNAi silencing. Mutants pipo-41 and pipo-68 are point mutations that cause a stop codon in 
the pipo frame (-1/+2), but leaves the 0 frame polyprotein with a silent mutation. P3NPIPO 
does not appear to have the ability to overcome the compromised silencing pathway mutants. 
Only wildtype virus was able to infect A. thaliana mutants and wildtype.  
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